A new technique for the assessment of the 3D spatial distribution of the calcium/phosphorus ratio in bone apatite 
Introduction
Fractures due to osteoporosis represent a significant social and medical problem in terms of treatment and rehabilitation and will become an even greater problem as the proportion of elderly increases (Riggs and Melton 1995) . Areal bone mineral density (aBMD) is the conventional method of assessing osteoporosis and is measured by dual energy x-ray absorptiometry. However, as aBMD has a number of limitations when used to classify bone (Kanis and Glu 2000 , Bolotin and Sievanen 2001 , Kazakia and Majundar 2006 , there is a need for a better understanding of bone pathogenesis and/or for an enhanced diagnostic method. One possibility is to use the ratio of the two main constituents of bone, calcium (Ca) and phosphorus (P), as an osteoporosis indicator. Increased Ca intake has been shown to increase bone density (Shapiro and Heaney 2003 , Teegarden et al 1998 , Nieves et al 1995 . Conversely, consumption of excess amounts of dietary P combined with a low Ca intake, leads to secondary hyperparathyroidism and progressive decrease in bone mineral content (Teegarden et al 1998) . The relative content of Ca and P is critical for sustaining mineral homeostasis and bone metabolism and their co-dependence is evident for bone growth and development (Shapiro and Heaney 2003) . In addition, it was shown that Ca/P decreases with increasing bone turnover (Masuyama et al 2003) . The variation of the Ca/P ratio in cortical bone among 78 individuals was found to be lower than those for Ca and P separately (Zaichick and Tzaphlidou 2002) , therefore the ratio is considered a more reliable metric than the absolute concentrations of Ca and P in the diagnosis of bone disorders.
In a gamma ray absorptiometry dual energy model, developed for the 2D quantification of Ca/P ratio in animal tibiae (Fountos 1997 ), a significant decrease in the Ca/P ratio was found after inflammation-mediated osteoporosis (IMO) had been induced. Additionally, measurements made with a commercial x-ray source and the same dual energy analysis (DEA) model found a decrease in the Ca/P ratio from 1.71 (healthy) to 1.29 (osteoporotic) in the human middle finger (Fountos et al 1999) . Tzaphlidou et al (2005) and Speller et al (2005) used synchrotron-based micro-computed tomography (microCT) and direct mapping of the linear attenuation coefficient to study the Ca/P ratio. A study of IMO rabbit cortical tibia found a relationship between bone loss and reduced Ca/P ratio. In addition, it was shown that the homogeneity of Ca/P ratio in healthy bone was higher than in IMO bone. More recent studies of the Ca/P ratio using Auger electron and energy dispersive x-ray spectroscopy (Kourkoumelis et al 2011) show similar results.
The above studies were only observational and the exact reason for the possible lowered Ca/P ratio in osteoporotic bone is currently unknown. Moreover, the above studies were conducted in two dimensions or have required the use of facilities not practically available for a clinical environment or long-term access, such as synchrotrons. The understanding, diagnosis and thus management of osteoporosis could be enhanced with 3D assessment of the Ca/P ratio. In a conventional CT scanner, direct mapping is not possible due to the polychromaticity of the beam. However, this problem can be overcome using a DEA technique. Here we present such a method for 3D Ca/P ratio quantification that could eventually be applied through a conventional CT scanner. In particular:
(1) The development and optimization of the technique are described.
(2) The technique is validated using bone phantoms and conclusions are made on the feasibility technique in identifying osteoporosis. The target was to achieve a precision of better than 0.09 in the Ca/P ratio assessment, given that the min/max difference in Ca/P ratio between healthy and IMO bone samples is 0.09/0.43 , Kourkoumelis et al 2011 . 
The qualitative and quantitative Ca/P ratio parameters that can be studied in bone apatite (mineral content of bone) using the technique are presented.
Method

Dual energy analysis
The three main components in bone apatite, and at the same time the three major x-ray attenuators in bone are Ca, PO 4 and OH. Their proportions can be determined using two spectral measurements and a mass-conservation based, three-material decomposition dual energy computed tomography (CT-DEA) algorithm first introduced by Heismann (Heismann et al 2003 , Liu et al 2009 . Assuming a 100% efficient detector, the average linear attenuation coefficient, μ, is expressed by:
where E is average energy and ρ eff , Z eff and m are the average density, effective atomic number and average mass attenuation coefficient of the sample, respectively. If the x-ray spectrum is known, the average mass attenuation coefficient m can be calculated as:
where P is the number of photons. At a low (L) and a high (H) energy,
For two particular spectra, the theoretical value of m L (Z eff ), m H (Z eff ) and F (Z eff ) can be calculated for a specific Z eff . In this study, mathematical relations of F (Z eff ) to Z eff and Z eff to m L ,were approximated by second order polynomials (with R 2 = 0.99 each), using the chemical formulae of the bone phantoms (table 1) and the XMuDat software (Nowotny 1998) .
After determining m L using the F (Z eff ) to Z eff and Z eff to m L mathematical relations, ρ eff of the sample can be determined using (1). Assuming that Ca, PO 4 and OH are the only components in bone hydroxyapatite (6), the fractions of Ca, PO 4 and OH can be determined by solving (6)-(8) below.
where f i is the fraction by weight of each component i.
Finally, the molecular weight ratio (PO 4 /P) is 3.0679, and the ratio of the molar masses of Ca and P is 1.2940, thus the atomic Ca/P ratio is given by
Optimization of dual energy analysis
For a sufficiently high accuracy in the calculation of the f i of the sample components, optimum imaging conditions have to be selected. The mathematical demonstration of the DEA energy optimization method is described by Rebuffel and Dinten (2007) for a twomaterial decomposition and with monochromatic energy beams. This optimization method was adapted in this study for a three-material decomposition, and was applied to the Ca/P ratio calculation. Briefly, the absolute error in f Ca , σ f Ca , due to the Poisson distribution of photons in the two x-ray beams, is derived as
where
S E represents the absorbance of x-rays due to the sample at an energy E,
where N o,E is the number of photons emitted by the x-ray source, and N E is the number of photons reaching the detector. σ (S E ) represents the uncertainty in the absorbance at an energy E. The same method can be used to calculate the absolute error in f PO 4 . The error in the Ca/P ratio was calculated by propagating the errors of f Ca and f PO 4 in (9), for different combinations of average energies. Figure 1 shows the absolute error in the Ca/P ratio as a function of the low-high energy combination, for an input of 10 8 photons. The optimum combination of energies is the one that gives the lowest σ f Ca/P (dark blue areas in figure 1) .
However, using a CT scanner with a polychromatic beam the number of possible energy combinations is restricted. For the imaging system used in this study (described in section 'Data acquisition'), average energies lower than 30 keV were practically impossible to achieve, due to insufficient flux for an image to be produced at these energies. The range 30-35 keV is severely affected by beam hardening artefacts. Beam hardening becomes negligible, when sufficient external filtration (e.g. 0.5 mm aluminium) is added to a 50 kVp beam, resulting in an average energy of 36 keV for the low-energy beam. For an average energy of 36 keV the optimum high-energy is 100 keV, as shown in figure 1. However, images of average energies above 71 keV suffer from low signal to noise ratio (SNR), due to the significantly high amount of filtration required to produce these energies. A thickness of 0.5 mm tin can be used with 100 kVp, to achieve a 71 keV energy beam. Therefore, using the available imaging system the average energy combinations were chosen to be 36 and 71 keV, as a reasonable compromise between energy optimization and real system performance.
Samples
For the validation of the technique, ten bone phantoms of known Ca/P ratio were used. Commercially available pure calcium phosphate powder (Sigma-Aldrich Ltd), of five different chemical formulae, was compressed using a Specac hydraulic presser into small cylindrical pellets (diameter 8 mm and height 2-4 mm) of different densities (total sample density, not material density). In this way the repeatability in Ca/P ratio assessment was tested, when phantom density, and thus μ varies between phantoms of same Ca/P ratio but different density. Inevitably, there were cracks in some of the phantoms, and those regions were omitted from the validation of the technique. Each phantom was decomposed using CT-DEA into its heaviest materials (maximum three), as described in table 1. The feasibility of the technique on real bone apatite was tested using healthy and IMO bone samples. Due to bone use, differences in Ca/P ratio between different species and bone sites are highly significant . Therefore, all samples were obtained from the same species and bone site: six rear tibiae from six different female New Zealand white rabbits.
In three of the animals, IMO was induced by subcutaneous injections of magnesium silicate (talkum) at sites distant from the skeleton, to stimulate an acute phase response (Armour and Armour 2003) . The IMO model suggests a decrease in osteoblast numbers and bone formation, while osteoclast numbers and osteoclastic resorption are generally unaltered. It has been previously reported that osteoporosis induced by this method strongly affects the skeletal Ca/P ratio . All animals were bred in natural conditions and were euthanized under light ether anesthesia at eight months of age. All study protocols were approved by the Ioannina University Institutional Animal Care and Use Committee. Cortical sections from the diaphysis of the tibiae were dissected and cleaned free of muscles and tendons. No signs of metabolic alterations of the bone tissues were noted. All samples were heated at 350
• C for 48 h to remove collagen (Miculescu et al 2011 , Raspanti M et al 1994 , to limit any error its presence might introduce on the outcome of the bone apatite analysis. After heating, the shape of the bone samples was preserved. As shown by Raspanti et al (1994) , heat treatment at below 500
• C has no detectable effect on the size, crystallinity, or lattice spacing of the crystals of bone apatite while at the same time it effectively removes most of the organic part.
Data acquisition
All phantoms and bone samples were imaged using a bench-top cone-beam microCT system (Nikon Metrology, X-Tek, UK); serial number: J00001. The x-ray tube has a tungsten target and a 12 μm focal spot.
As explained in section 2.2, the optimum average energies were found to be 36 and 71 keV. The imaging conditions for the low-and high-energy image acquisitions, are summarized in table 2. Figure 2 shows the simulated energy spectra used in the CT-DEA, calculated using the SpekCalc Software (Poludniowski et al 2009) and taking into account the inherent filtration (1.3 mm aluminium) of the x-ray source. Scanning parameters were: magnification = 10, 360 projections. For each projection 128 frames were acquired and averaged.
CT reconstruction was performed using the in-built X-Tek software (Nikon Metrology, X-Tek, UK) at a slice thickness of 16 μm. Any centre of rotation artefacts were corrected using CT Pro software (Nikon Metrology, X-Tek, UK). The microCT system grey values were calibrated using five di-potassium phosphate (K 2 HPO 4 ) solutions of different concentration, due to their uniformity and similar x-ray attenuation to bone apatite. At the conditions described above, linear relationships (R 2 = 0.99) were found between the theoretical value of K 2 HPO 4 average linear attenuation coefficient and CT grey value. Finally, all sample images were binned into 6 × 6 × 6 voxels, to increase the SNR of the images, thus providing a resolution of 96 μm in all dimensions.
Analysis
The analysis of all acquired images using CT-DEA provided 2D and 3D Ca/P ratio maps for all phantoms and samples, which allow visual differentiation of areas of low and high Ca/P ratio.
For quantitative analysis, the average Ca/P ratio of a volume of 4.5 mm 3 (32 × 32 × 5 voxels) in each phantom was compared to its expected value to evaluate the accuracy of the technique in the absolute quantification of the Ca/P ratio.
In bone samples, comparison was made between the average Ca/P ratios of the healthy and IMO samples. Average Ca/P ratios were determined across the total sample volume (varies in the range of 106-143 mm 3 in the six samples) and in smaller healthy and IMO volumes (0.03 mm 3 , 6 × 6 × 1 voxels), located using the Ca/P ratio maps. The Student's t-test was used to determine the significance of any differences between average Ca/P ratio values. The volume proportion of low Ca/P ratio in the sample was compared between the healthy and IMO samples. Low Ca/P ratio range was defined as 1.00-1.49, according to Fountos et al (1999) , who found that low Ca/P ratio in an osteoporotic or aged bone is expected to be in that range.
Finally, a 3D region growing technique, an image segmentation method, was used to assess the distribution of low Ca/P ratio in bone. The region growing technique examined the neighbouring voxels of an initial seed voxel of low Ca/P ratio. Iteratively, all voxels within the Ca/P ratio range of 1.24-1.25 (the middle of the defined low Ca/P ratio range) were selected as the seed voxel. The region grew if the neighbouring voxels were in the range 1.00-1.49. The biggest region grown in each sample (by testing different seed voxels) was used for further analysis: (i) comparisons were made between healthy and the IMO samples; (ii) for each sample the region-grown low Ca/P ratio proportion was compared to the total sample low Ca/P ratio proportion, to investigate Ca/P ratio homogeneity.
Results and discussion
Phantoms
Plots of Ca/P ratio maps of four phantoms, with a resolution of 96 μm, are shown in figure 3 for a given slice. All maps have the same colour scale to allow direct comparison. The higher the Ca/P ratio in the phantom, the lighter the colour in the Ca/P ratio maps.
The measured average Ca/P ratios for all ten phantoms are plotted versus the expected values in figure 4 . The average results of the ten samples show a mean/maximum deviation from the expected value of 0.24/0.35 in Ca/P ratio. This is low enough to distinguish between some, but not all, healthy and osteoporotic bone samples, since in literature a min/max difference Some phantoms had similar measured Ca/P ratio that overlap of the graph: there are two phantoms (of expected Ca/P ratio of 1.00) in the Ca/P ratio range of 0.70-0.71 and two (of expected Ca/P ratio of 1.50) in the Ca/P ratio range of 1.20-1.21. of 0.09/0.43 in Ca/P ratio is reported between healthy and IMO bone samples , Kourkoumelis et al 2011 .
For the experimental conditions used, the simulation of the technique predicted a mean/maximum absolute error in the Ca/P ratio of 0.11/0.28 for the phantoms. This shows that the main source of the non-zero error in the phantoms average Ca/P ratio (figure 4) is the non-perfect fit of the relations of F (Z eff ) to Z eff and Z eff to m L of the phantoms. However, at present, these approximations of the mathematical relations are required in CT-DEA for bone material decomposition. This is due the fact that the exact chemical composition of biological apatite is diverse and not known with sufficient accuracy to enable the construction of a precise look-up table of F (Z eff ) to Z eff and Z eff to m L .
The difference in error between experimental and simulated results could be due to an error in the measured CT numbers and thus in μ(E, ρ eff , Z eff ). CT systems of increased power and more efficient detectors might allow different optimum imaging conditions and thus higher accuracy in results. Figure 5 shows the original low-energy images and the corresponding Ca/P ratio maps for healthy and IMO rear tibia rabbit bone samples. Comparing the Ca/P ratio maps, an increased area of low Ca/P ratio in the IMO slice can clearly be noticed. Such differences are not obvious in the original low-energy CT images. Quantitatively, the average Ca/P ratios, across the whole sample, of the collagen-free, healthy bones varied within the range 1.67-1.68. These results are within realistic limits, as Ca/P ratio is 1.67 for stoichiometric hydroxyapatite. In the IMO samples the Ca/P ratio was slightly lower (1.64-1.65), in agreement with previous studies , Kourkoumelis et al 2011 . These results show a statistically significant difference (p < 0.02) between healthy and IMO whole bone samples average Ca/P ratios. The disadvantage of the whole bone average Ca/P ratio results is that the signal from the low Ca/P ratio areas is 'washed out'. The advantage of 3D imaging is that affected regions can be analysed on a slice-by-slice basis and, using region of interest (ROI) analysis, low Ca/P ratio areas can be located. For instance, using the ROIs (0.03 mm 3 ) illustrated by the red squares in figures 5(b) and (d), the healthy bone had a Ca/P ratio = 1.66 ± 0.19 and IMO had bone a Ca/P ratio = 1.40 ± 0.26. A statistically significant difference (p < 0.001) was found between the Ca/P ratio of the healthy and IMO ROIs.
Bone
Figure 6(a) shows that the low Ca/P ratio volume proportion in all three IMO samples (12.8%-13.9%) is higher than in the healthy (5.8%-8.3%) bone samples. Figure 7 shows the region growing technique 3D maps, for (a) a healthy and (b) an IMO rear tibia bone sample. The region growing technique maps allow easy 3D visualization of interconnected low Ca/P ratio areas in bone. Figure 6(b) shows that the connected low Ca/P ratio volume proportion in all three IMO samples (6.5%-11.0%) is higher than in the healthy (0.8%-4.7%) samples.
In the three IMO samples, the region-grown low Ca/P ratio volume is 51-84% of the total sample volume of low Ca/P ratio. This suggests a large, concentrated, volume of bone with low Ca/P, and possible osteoporosis in that region. In the three healthy bone samples, the region-grown low Ca/P ratio volume is 14-57% of the total sample volume of low Ca/P ratio, suggesting a sparse distribution and less likelihood of osteoporosis. This agrees with previous studies . . Low Ca/P ratio grown regions for (a) a healthy and (b) an IMO rear tibia bone sample. Voxels are shown by crosses, with the 'low' (1-1.49) Ca/P ratio range in red, and the 'high' (1.5-1.8) Ca/P ratio range in blue.
Conclusion
Results of this study show that the 3D absolute Ca/P ratio quantification in bone mineral content is possible, when CT-DEA is applied through a polychromatic beam microCT scanner. This method will allow further investigation of the value and distribution of the Ca/P ratio in different bone samples. Comparisons can be made between healthy and osteoporotic collagenfree bone samples, to study the effect of Ca/P ratio in osteoporosis. The performance of this technique was so-far only tested on bone apatite, not on intact bone that contains collagen and fat.
